Introduction
============

Lung cancer is a malignant cancer, which demonstrates the highest rates of morbidity and mortality worldwide ([@b1-mmr-21-06-2553]); the most common histological subtype is adenocarcinoma ([@b2-mmr-21-06-2553]). Although the diagnosis and treatment of lung cancer has progressed in recent decades, the survival rate has not significantly improved ([@b3-mmr-21-06-2553]). A total of \~80% of patients with lung cancer are diagnosed during the advanced stages of the disease, when treatment strategies are no longer optimal ([@b4-mmr-21-06-2553]). Tumor metastasis is the leading cause of death in lung adenocarcinoma (LUAD); therefore, further investigation into the molecular mechanisms underlying LUAD metastasis is required for the identification of potential therapeutic targets for the disease.

Cathepsins are the key acid hydrolases in lysosomes and the main effector enzymes of protein catabolism and autophagy ([@b5-mmr-21-06-2553],[@b6-mmr-21-06-2553]). Cathepsin A (CTSA) is a serine protease member of the cathepsin family that displays carboxypeptidase, deaminase and esterase activity and regulates the function of bioactive peptides ([@b7-mmr-21-06-2553],[@b8-mmr-21-06-2553]). CTSA protects β-galactosidase and neuraminidase proteins from lysosomal proteolysis by forming multienzyme complexes ([@b9-mmr-21-06-2553]). CTSA deficiency can cause human lysosomal storage disease, known as galactosialidosis ([@b10-mmr-21-06-2553]). A recent study demonstrated that CTSA is a key enzyme involved in the degradation of lysosome-associated membrane protein type 2a, which is an important effector of chaperone-mediated autophagy ([@b11-mmr-21-06-2553]). Several studies have confirmed that cathepsin proteases regulate cancer progression and the therapeutic response ([@b12-mmr-21-06-2553]--[@b14-mmr-21-06-2553]). High CTSA expression is associated with various tumors ([@b15-mmr-21-06-2553]--[@b17-mmr-21-06-2553]); however, whether abnormal expression of CTSA is associated with LUAD development is not completely understood.

The Cancer Genome Atlas (TCGA) is a public-funded project, aimed at cataloguing and discovering the major human genome variations that induce cancerization ([@b18-mmr-21-06-2553]). By analyzing TCGA database, differential expression data of CTSA in LUAD and normal tissues can be obtained, which provides a foundation for the investigation of the roles of CTSA during LUAD molecular pathogenesis.

In the present study, the aim was to investigate whether CTSA knockdown decreased proliferation, migration and invasion of A549 cells, and to assess the oncogenic potential of CTSA in LUAD.

Materials and methods
=====================

### Data source and bioinformatics analysis

Human RNA-sequencing data from LUAD projects which included 515 patients with LUAD and 59 normal tissues were collected from TCGA database ([portal.gdc.cancer.gov](portal.gdc.cancer.gov)). The R software package (version 3.6.0; RStudio, Inc.) was used to analyze the expression of CTSA in normal and tumor samples.

### Cell culture

The human lung cancer cell line A549 was obtained from The Cell Bank of Type Culture Collection of the Chinese Academy of Sciences. Cells were cultured in RPMI-1640 medium (Biological Industries) supplemented with 10% FBS (Biological Industries) at 37°C with 5% CO~2~ and 95% air.

### Cell transfection

A total of 5×10^5^ A549 cells/well were transfected with 50 nM small interfering (si)RNA-CTSA (5′-GCCUGCCACUCAAGCGGAUTT-3′) or siRNA-negative control (NC; non-targeting; 5′-UUCUCCGAACGUGUCACGUTT-3′; Shanghai GenePharma Co., Ltd.) using Lipofectamine^®^ 3000 (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Following a 48-h incubation at 37°C, cells were harvested for subsequent experiments.

### RNA isolation and reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from A549 cells using the RNAiso Plus kit (Takara Biotechnology Co., Ltd.), according to the manufacturer\'s protocol. RNA purity was assessed using a NanoPhotometer^®^ spectrophotometer. Total RNA was reverse transcribed into cDNA using the PrimeScript RT reagent kit with gDNA Eraser (Takara Biotechnology Co., Ltd.), according to the manufacturer\'s protocol. The following experimental conditions were used for reverse transcription: 42°C for 2 min, 37°C for 15 min and 85°C for 5 sec. Subsequently, qPCR was performed using an ABI 7500 Fast Real-Time PCR system (Thermo Fisher Scientific, Inc.) and the SYBR Premix Ex Taq™ II kit (Takara Biotechnology Co., Ltd), according to the manufacturer\'s protocol. The following primer pairs were used for qPCR: CTSA forward, 5′-GTCGCCCAGAGCAATTTTGAG-3′ and reverse, 5′-TCTCCCCGGTCAGGAAAAGTT-3′; and β-actin forward, 5′-CATGTACGTTGCTATCCAGGC-3′ and reverse, 5′-CTCCTTAATGTCACGCACGAT-3′. The following thermocycling conditions were used for qPCR: Initial denaturation at 95°C for 30 sec; followed by 40 cycles of 95°C for 5 sec and 60°C for 34 sec. CTSA mRNA levels were quantified using the 2^−ΔΔCq^ method and normalized to the internal reference gene β-actin.

### Cell proliferation assay

The effect of CTSA knockdown on cell proliferation was assessed using a Cell Counting Kit-8 (CCK-8) assay (Biosharp Life Sciences), according to the manufacturer\'s protocol. A549 cells were harvested 48 h post-transfection, seeded (5×10^3^ cells/well) into a 96-well microplate and incubated at 37°C for 24, 48 or 72 h. Subsequently, 10% CCK-8 solution (10 µl CCK-8 reagent; 90 µl RPMI 1640 medium) was added to each well for 2 h at 37°C. The optical density of each well was determined at a wavelength of 450 nm using an Elx808 microplate reader (BioTek Instruments, Inc.).

### Cell cycle analysis

Transfected A549 cells (2×10^6^ cells/well) were seeded into 6-well plates, incubated overnight and cultured in RPMI-1640 medium without serum for 12 h to synchronize the cell cycle. The cells were fixed with 70% ethanol for 12 h at 4°C, washed with 1 ml pre-cooled PBS and stained with propidium iodide and RNase A solution (25 µg/ml; Beijing 4A Biotech Co., Ltd.) for 30 min at 37°C in the dark. The DNA content of the cells, used as an indicator of the different phases of the cell cycle, was measured using a FACSCalibur flow cytometer (BD Biosciences; Becton, Dickinson and Company) with CellQuest Pro (version 5.2; BD Biosciences; Becton, Dickinson and Company) and ModFit LT (version 3.0; Verity Software House, Inc.) software.

### Western blot analysis

Total protein was extracted from A549 cells using RIPA lysis buffer (Beyotime Institute of Biotechnology) supplemented with phenylmethylsulphonyl fluoride (Beyotime Institute of Biotechnology). Proteins were isolated by centrifugation at 12,000 × g for 15 min at 4°C. Total protein was quantified using a bicinchoninic acid assay (Beyotime Institute of Biotechnology). Subsequently, protein samples were incubated with Loading Buffer (Beyotime Institute of Biotechnology) at 100°C for 10 min. Equal amounts of protein (30 µg per lane) were separated via 10% SDS-PAGE for 2 h at a constant voltage (110 V), and subsequently transferred onto PVDF membranes (EMD Millipore). The membranes were blocked using TBST (20 mM Tris-Hcl, 150 mM NaCl pH 7.5 and 0.1% Tween-20) containing 5% skim milk at room temperature for 1--2 h. Subsequently, the membranes were incubated overnight at 4°C with the following primary antibodies: Anti-CTSA (cat. no. ab184553; 1:10,000; Abcam), anti-E-cadherin (cat. no. WL01482; 1:1,000; Wanleibio Co., Ltd.), anti-p53 (cat. no. WL01919; 1:1,000; Wanleibio Co., Ltd.), anti-p21 (cat. no. WL0362; 1:1,000; Wanleibio Co., Ltd.), anti-proliferating cell nuclear antigen (PCNA; cat. no. WL01482; 1:1,000; Wanleibio Co., Ltd.), anti-N-cadherin (cat. no. 4061S; 1:1,000; Cell Signaling Technology, Inc.), anti-β-catenin (cat. no. AF6266; 1:1,000; Affinity Biosciences) and anti-β-actin (cat. no. 60008-1-lg; 1:4,000; ProteinTech, Group, Inc.). Following primary incubation, the membranes were washed three times with TBST and incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin G (IgG; cat. no. ZB-2301; 1:20,000; OriGene Technologies, Inc.) and HRP-conjugated goat anti-mouse IgG (cat. no. ZB-2305; 1:20,000; OriGene Technologies, Inc.) secondary antibodies at 25°C for 2 h. Protein bands were visualized using the Amersham Imager 600 enhanced chemiluminescence detection system (GE Healthcare Life Sciences) and quantified using Image J software (version 1.52; National Institutes of Health), with β-actin as the loading control.

### Wound healing assay

The migratory ability of A549 cells was assessed using wound healing assays. At 48 h post-transfection, A549 cells were seeded into a 6-well plate and subsequently grown to 90% confluence. A 200 µl pipette tip was used to make a single scratch through the cell monolayer and PBS was used to remove debris. A549 cells were cultured in RPMI-1640 medium, supplemented with 2% FBS to maintain the adherence of the cells for 48 h. Cell migration was observed at 0, 24 and 48 h using a light microscope (magnification, ×100; Nikon Corporation) and quantified using ImageJ software (version 1.37; National Institutes of Health). The migration rate was defined as the percentage of wound closure.

### Transwell assay

Transwell assays were used to assess the invasive ability of A549 cells. Prior to the assay, the 24-well Transwell plates (8-µM; Corning Life Sciences) were pre-coated with 40 µl Matrigel^®^ (1.5 mg/ml; BD Biosciences; Becton, Dickinson and Company) overnight at 37°C. At 48 h post-transfection, A549 cells (5×10^4^) were suspended in 200 µl RPMI-1640 medium without serum and seeded into the upper chambers of the Transwell plates. RPMI-1640 medium supplemented with 20% FBS (500 µl) was added to the lower chambers of the Transwell plates to act as a chemoattractant stimulus. Subsequently, the Transwell plates were incubated for 48 h at 37°C. Cells on the upper surface of the membrane were wiped off using cotton swabs and invading cells on the lower surface of the membrane were fixed with 4% paraformaldehyde for 30 min at room temperature, and stained with 0.1% crystal violet (Beijing Solarbio Science & Technology Co., Ltd.) for 15 min at room temperature. The invasive ability of A549 cells was calculated under a light microscope as the mean number of cells in four randomly selected fields of view (magnification, ×100).

### Statistical analysis

Statistical analyses were performed using GraphPad Prism software (version 5.0; GraphPad Software, Inc.). Data are presented as the mean ± standard deviation. One-way ANOVA followed by the least significant distance post hoc test was used make comparisons. All experiments were repeated at least three times. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### CTSA expression in LUAD tissues

To investigate the expression of CTSA in LUAD, a bioinformatics analysis of data obtained from TCGA database was conducted. CTSA mRNA expression was significantly increased in LUAD tissues compared with normal lung tissues (P\<0.001; [Fig. 1](#f1-mmr-21-06-2553){ref-type="fig"}).

### CTSA expression following CTSA knockdown

To investigate the effect of CTSA on the biological characteristics of A549 cells, CTSA siRNA was used to knockdown the expression of CTSA. Transfection efficiency was demonstrated using RT-qPCR and western blotting. In A549 cells, CTSA mRNA and protein expression levels were significantly decreased in CTSA knockdown cells compared with NC siRNA cells (P\<0.01; [Fig. 2A-C](#f2-mmr-21-06-2553){ref-type="fig"}).

### CTSA knockdown decreases the proliferation of A549 cells

The proliferation of CTSA-knockdown cells was significantly decreased compared with the negative control cells, as assessed by the CCK-8 assay (P\<0.01; [Fig. 3A](#f3-mmr-21-06-2553){ref-type="fig"}). CTSA knockdown in A549 cells resulted in a significant increase in the proportion of cells in the G~0~/G~1~ phase and a decrease in the proportion of cells in the S phase compared with the negative control cells (P\<0.05; [Fig. 3B and C](#f3-mmr-21-06-2553){ref-type="fig"}). In addition, the expression levels of cell proliferation and cell cycle-associated proteins were detected by western blotting. The CTSA siRNA group displayed significantly decreased expression levels of PCNA and significantly increased expression levels of p53 and p21 compared with the NC siRNA group (P\<0.01; [Fig. 3D and E](#f3-mmr-21-06-2553){ref-type="fig"}). The results indicated that CTSA knockdown decreased the proliferation of LUAD cells.

### CTSA knockdown decreases the migration, invasion and EMT of LUAD cells

The migratory and invasive abilities of CTSA-knockdown cells were investigated using wound healing and invasion assays. The siRNA-CTSA group displayed a significant decrease in migratory (P\<0.01; [Fig. 4A and B](#f4-mmr-21-06-2553){ref-type="fig"}) and invasive (P\<0.01; [Fig. 4C and D](#f4-mmr-21-06-2553){ref-type="fig"}) abilities compared with the NC siRNA group. The expression of the main proteins involved in EMT was assessed to investigate the effects of CTSA knockdown on invasion and migration. The CTSA siRNA group displayed increased E-cadherin expression (P\<0.001), but decreased levels of N-cadherin (P\<0.05) and β-catenin (P\<0.01) expression compared with the NC siRNA group ([Fig. 4E and F](#f4-mmr-21-06-2553){ref-type="fig"}). The results suggested that CTSA knockdown decreased the migration and invasion of LUAD cells.

Discussion
==========

Lung cancer is one of the most common types of cancer and is a major cause of cancer-related mortality. Proliferation and invasion play important roles during tumor development, and the ability to inhibit tumor growth and metastasis is key to successful treatment ([@b19-mmr-21-06-2553]). Although various therapeutic targets for lung cancer have been identified, the survival rate has not significantly improved ([@b20-mmr-21-06-2553]). However, there are only a few targets that can inhibit multiple tumor progression processes; therefore, it is critical to identify further pleiotropic therapeutic targets for LUAD.

Cathepsins, as lysosomal proteases, participate in multiple processes associated with cancer, including protein degradation, autophagy, growth factor receptor recycling and lysosome-mediated cell death. Abnormal expression of cathepsins has been reported to be associated with a variety of different types of cancer ([@b8-mmr-21-06-2553],[@b21-mmr-21-06-2553]--[@b23-mmr-21-06-2553]). For example, previous studies have reported that abnormal expression of cathepsins, including cathepsin K, L and S, is observed in lung cancer ([@b24-mmr-21-06-2553]--[@b26-mmr-21-06-2553]), which suggests that variations in cathepsin expression may play a role in lung cancer. A number of studies have indicated that CTSA is involved in breast, colorectal and melanocyte cancer, and is also associated with tumorigenesis, malignant progression and poor patient prognosis ([@b15-mmr-21-06-2553]--[@b17-mmr-21-06-2553]). However, the role of CTSA in LUAD has not been reported. In the present study, the bioinformatics analysis of TCGA database suggested that the expression of CTSA was upregulated in LUAD tissues compared with normal tissues, suggesting that high CTSA expression was associated with LUAD.

In various types of cancer, cathepsins are highly upregulated and their increased expression correlates with more aggressive tumor types and poor patient prognosis ([@b8-mmr-21-06-2553],[@b27-mmr-21-06-2553]--[@b33-mmr-21-06-2553]). Cathepsins contribute to the degradation of the basement membrane that confines the tumor to promote invasion and tumor metastasis ([@b34-mmr-21-06-2553]). The expression levels of CTSA are higher in metastatic melanoma compared with primary melanoma and are associated with poor prognosis ([@b17-mmr-21-06-2553]). Similarly, higher CTSA expression is associated with aggressive tumor types and poor outcomes in breast and colorectal cancer (CRC), and reducing CTSA expression inhibits the migration and invasion of CRC cells ([@b15-mmr-21-06-2553],[@b16-mmr-21-06-2553]).

CTSA knockdown led to a reduction in the migration and invasion of LUAD cells. EMT, which is a cellular process that involves the loss of polarization and intercellular connections in epithelial cells, plays an important role in tumor metastasis and recurrence ([@b35-mmr-21-06-2553]). A key characteristic of EMT is the loss of E-cadherin expression and the gain of N-cadherin expression in the cell membrane, which is known as the E-to-N-cadherin switch ([@b36-mmr-21-06-2553]). E-cadherin has been identified as a substrate for CTSB, CTSL and CTSS in tumors ([@b37-mmr-21-06-2553]). CTSA is highly expressed in A549 cells; therefore, overexpression of CTSA in A549 cells was not performed in the present study. However, CTSA knockdown was performed to investigate the relationship between CTSA and EMT in LUAD cells. The results suggested that CTSA knockdown increased the expression of the epithelial marker E-cadherin and decreased the expression of N-cadherin and β-catenin in A549 cells.

The catabolism of proteins is one of the major functions of proteases. Cathepsin deficiencies result in autophagosome accumulation, which indicates impaired catabolism of the cargo and decreased autophagic flux ([@b6-mmr-21-06-2553]). Increased lysosomal biogenesis and cathepsin expression in cancer cells supports cell survival ([@b38-mmr-21-06-2553]). Furthermore, increased catabolic activity is essential to provide the necessary nutrients to maintain cell proliferation. Therefore, it was hypothesized that the loss of cathepsin may inhibit cell proliferation by impairing the catabolic activity and the lack of essential nutrients. In the present study, CTSA knockdown decreased the proliferation and increased cell cycle arrest at the G~0~/G~1~ phase in LUAD cells. Further experiments suggested that CTSA knockdown altered the expression of critical cell cycle-associated proteins, including p53, p21 and the proliferative marker PCNA. p53 is a transcription factor that initiates cell cycle arrest, cell senescence or apoptosis to regulate tumor progression. p21 is involved in p53-mediated cycle arrest, which inhibits cyclin E-CDK2 activity ([@b39-mmr-21-06-2553]).

To the best of our knowledge, the present study suggested for the first time that CTSA may serve as an oncogene in LUAD. CTSA knockdown decreased the proliferation, migration and invasion of A549 cells, and altered the expression of key cell cycle regulators. However, in order to maintain the cells in a good adherence state, 2% FBS was used in the wound healing assay, which is a limitation of the present study in terms of assessing the migratory ability. CTSA also displayed pleiotropic effects in A549 cells, which suggested that CTSA may serve as a vital effector during tumor development, indicating that targeting CTSA may allow multiple tumorigenic processes to be inhibited via a single therapeutic target. The results of the present study suggested that CTSA may serve as a potential therapeutic target for LUAD; however, further investigation into the mechanisms underlying the role of CTSA in LUAD, including *in vitro* and *in vivo* experiments, is required.

Not applicable.

Funding
=======

The present study was supported by The China Medical University Discipline Enhancement Program Support Project.

Availability of data and materials
==================================

The datasets used and/or analyzed during the present study are available from the corresponding author on reasonable request. The datasets generated and/or analyzed during the current study are available in the TCGA repository, (<http://cancergenome.nih.gov>).

Authors\' contributions
=======================

JL, BH and XZ conceived and designed the study. BH performed the experiments and wrote the manuscript. BH and XZ analyzed the data and critically revised the manuscript. JL and XZ supervised the study and revised the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
==========================================

Not applicable.

Patient consent for publication
===============================

Not applicable.

Competing interests
===================

The authors declare that they have no competing interests.

![CTSA expression based on data obtained from TCGA database. CTSA expression was significantly increased in LUAD tissues compared with normal tissues. \*\*\*P\<0.001 vs. normal lung tissues. CTSA, cathepsin A; TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma.](MMR-21-06-2553-g00){#f1-mmr-21-06-2553}

![CTSA mRNA and protein expression levels in transfected A549 cells. (A) CTSA mRNA expression levels were determined by reverse transcription-quantitative PCR. CTSA protein expression levels were (B) determined by western blotting and (C) quantified. \*\*P\<0.01. CTSA, cathepsin A; NC, negative control; siRNA, small interfering RNA.](MMR-21-06-2553-g01){#f2-mmr-21-06-2553}

![Effects of CTSA knockdown on the proliferation, cell cycle and protein expression of A549 cells. (A) Proliferation of A549 cells transfected with CTSA siRNA and NC siRNA was measured using the Cell Counting Kit-8 assay. \*\*P\<0.01 vs. the NC siRNA group. (B) The proportion of transfected A549 cells in each stage of the cell cycle was detected by flow cytometry. \*P\<0.05, as indicated. (C) Representative plots of the flow cytometry analysis of cell cycle distribution in transfected A549 cells. Protein expression levels of p21, p53 and PCNA in transfected A549 cells were (D) determined by western blotting and (E) quantified. \*P\<0.05. CTSA, cathepsin A; siRNA, small interfering RNA; NC, negative control; OD, optical density; PCNA, proliferating cell nuclear antigen.](MMR-21-06-2553-g02){#f3-mmr-21-06-2553}

![Effects of CTSA knockdown on the migration, invasion and EMT of A549 cells. Cell migration was (A) determined by wound healing assays and (B) quantified (magnification, ×100). Cell invasion was (C) determined by Transwell invasion assays and (D) quantified (magnification, ×100). Protein expression levels of E-cadherin, N-cadherin and β-catenin were (E) determined by western blotting and (F) quantified. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001, as indicated. CTSA, cathepsin A; EMT, epithelial-mesenchymal transition; NC, negative control; siRNA, small interfering RNA.](MMR-21-06-2553-g03){#f4-mmr-21-06-2553}
